Sustainable feed formulation (defined here as nutritional and economic feed optimization) is substantial in feed chain production from crop farmers to livestock producers. Diet formulation employing a static linear programming (LP) approach, which is widely used in trading firms and feed production facilities, does not allow for intertemporal flexibility. Our approach allows the interaction between feed components over time, considering the volatile global feed prices, thereby improving sustainability in feed formulation and feed availability. The objectives of this study were to (1) develop a multi-stage LP feed model, (2) demonstrate its potential use in broiler feeding, and (3) illustrate the impact of feed input price spread (variation) on the composition of broiler diets. Modeling resulted in reciprocal relationships between conventional feeds and byproducts at different rates. Based on the price spreads expressed as a percentage of DDGS (distiller's dried grains with solubles) price compared to corn price, three positions of dietary switch were identified; corn-DDGS price spreads of higher than 94%, between 76 and 94%, and lower than 76% corresponding to limited/no inclusion, partial inclusion, and maximum replacement of corn by DDGS, respectively. Rapeseed meal inclusion was 4, 5, and 6% in the corn-based starter, grower, and finisher diets, respectively, and its potential to replace soybean meal was limited by its higher fiber content. Based on the simulated compound feed prices, the global broiler feed industry could gain 1.7 billion USD through improved resources planning.
replacement of some feed ingredients with agro-industrial byproducts would lead to a reduction in feed costs and lower greenhouse gas emissions per unit of output (Alqaisi et al. 2014) . However, the rate of inclusion of these byproducts should also depend on their market prices and the price difference between the conventional feeds and the byproducts. Whatever the inclusion rates of various feed ingredients in the poultry diet, a lower cost diet will significantly reduce the cost of poultry production and/or more profitability of feed producers.
Diet optimization is another effective means of cutting costs in the poultry feed industry, and linear programming models have been widely used for this purpose. These models have traditionally focused on maximizing producer profits in the short run, but such models do not provide producers with information about how to optimally substitute between feed ingredients as their relative prices change. Makkar and Ankers (2014) suggested that the focus needs to shift from profit maximization toward feed and other input use optimization. The most common application of linear programming (LP) models in solving the diet problem has been to formulate diets using a static approach and for a short term (i.e., per ration formulation or per animal life cycle in other cases).
These models have been commonly used for over a century and in a similarly restrictive fashion, taking information on the target animal species and its requirements, feed ingredients, and market feed prices as given. These parameters are used in the LP model to minimize the feed cost, considering nutritional limitations (Peric and Babic 2009, Saxena 2011; Žgajnar et al. 2010) . The biggest challenges in LP modeling in the 1980s were the absence of information about the biological restrictions of animals and the varying quality of feed ingredients (Saxena and Chandra 2011; Beckman et al. 2011 ). This has greatly improved over the years as LP modeling has increasingly considered aspects such as the physiological stage of animals (Saxena and Chandra 2011; Singh and Saxena 2015) . The current LP models in the feed industry, as well as at the farm level, do not allow the user to simulate time series scenarios, which could capture the fluctuating market prices for feed inputs. Therefore, the validity of their solutions is weakened by daily, weekly, and monthly variations in feed prices. Hence, this creates economic pressure on decision-makers and firms, which rely on these results for strategic planning, since the model outcomes become irrelevant shortly after they are derived.
In the feed industry, there is a common classification of feeds into energy-rich and protein-rich feeds, whereby feed ingredients within each group could be substituted for each other at different percentages without necessarily affecting the animals being fed. Therefore, in a fluctuating price situation, a multi-stage LP offers the advantage of determining the price spread-for instance, between corn and wheat or between distiller's dried grains with solubles (DDGS) and corn at which it is important to replace part or all of one feed ingredient with the other. Previous works utilizing multi-period LP models have tended to focus on issues such as the variation in feed supply, the quality of feedstuffs, and animal requirements to optimize diets to achieve productivity goals (Reynoso-Campos et al. 2004; Nicholson et al. 1994) . However, the issue of commodity price spread and dietary dynamics over time, and its relationship with dietary feeds and substitution rates, has not been adequately evaluated.
In many applications of linear programming to a real trading or feed production situation, time is not taken as a specific variable factor. Furthermore, the multi-stage LP approach provides time series estimates on the "price limits," which are important in examining the stability of the diet over a period of time. This approach, which adds an extra time series dimension to the diet problem, allows the interaction between feed components over time. It also allows the possibility of using agro-industrial byproducts, which are only available and/or are very cheap during particular seasons of the year, as animal feeds. The multi-stage LP modeling approach is useful in providing answers for decision-makers concerning the price spread between commodities and the rates at which commodities could replace one another under volatile price situations. Furthermore, typical static LP models may provide per time price spreads between feeds, but they do not provide comprehensive information on the feed substitution rates related to changes in price spreads.
Defined in this way, the problem requires developing a general multi-stage LP model for optimization of a feeding diet. Consequently, the objectives of this study are:
To develop the multi-stage LP model that produces time series least cost results for different livestock species, To apply a multi-stage LP method in solving two modeled examples of broiler feed formulation, Present and analyze programming results and extract conclusions from the developed method.
Methods

Feed production process
Compound feed production and commodity trading are a continuous process based on daily, weekly, and monthly activities. Monthly commodity prices in feed trading and production are used in the current analysis due to the availability of the data.
The supply chain of feed materials, which begins with producers and ends with consumers, is illustrated in Fig. 1 . Within the chain, farmers produce grains and oil crops and sell them either directly to trading companies in the case of feed grains or to crushing plants in the case of oil-rich seeds such as soybeans and sunflower seeds. Thereafter, the meals are purchased by trading companies. Alternatively, trading companies may own crushing plants and trade in feed meals. In the second part of the chain, trading companies sell grains and meals to feed producers. The current analysis is designed to mimic a production process in a feed mill acquiring feed materials from a trading company. The method under investigation is that of monthly analysis of a multi-stage linear programming model (multi-stage LP) output.
Multi-stage LP model
The objective of the multi-stage linear programming model is to produce a feed blend at minimum cost in different periods (defined here as a month). The model selects the optimal proportion of feed ingredients to produce a least cost diet given feed nutritional composition, animal nutritional requirements, and feed prices. The problem of determining the commodity of interest in the produced feed blend emerges when the price gap between two protein or energy sources is small. This situation arises regularly because feed prices are volatile. The challenge is exacerbated when designing a commodity trade without knowing the optimal price spread between two commodities, which is a well-known problem for feed commodities trading companies. Consequently, this study examines the price commodity spread in comparison with the commodity trading alternative (i.e., corn versus wheat).
To determine the time (defined by the month) when a diet adjustment is required, and the proportion of an alternative feed commodity to be included to the new diet, a multi-stage LP model was developed for broiler chicken feeding in two modeled cases. The multi-stage LP model in this study is a quick and time efficient approach to optimize diets. Unlike static LP models, this multi-stage LP model minimizes a sequence of decision variables and provides time series relationships between decision variables and constraints via simulated solutions. The resulting relationships are estimated using the open source R programming software (R Core Team 2016). The model is based on mixed integer linear programming packages. It provides pure linear, integer or binary, semi-continuous, and special-order set models based on the simplex algorithm method. The model provides-but is not limited to-a sequence of multistage results by retrieving values from a sequence of successfully solved single-period LP models. The results produced by this model allow the decision-maker to investigate the relationships between objective function values, values of the decision variables, values of the constraints, dual variables (the reduced costs), and the sensitivity of the objective function. In many respects, the model serves to provide an efficient sensitivity analysis of optimal feed mixes under alternative input prices and animal nutritional requirements.
Model structure
The general structure of the multi-stage LP is described as follows:
where TC is the total cost of the feed ration, t is the time period (month), c i is the per unit cost of feed ingredient i¸and x i is the quantity of feed ingredient i in the feed ration. J is the set of nutrients that must be considered in the feed ration, with j being one of the nutrients of the set of J, a ij is the quantity of nutrient j in feed ingredient i, and b j is the required amount of each nutrient j in the feed ration. The sign of the relationship for each of the nutrients depends on the particular nutrient and the nutrient balance that must exist in the ration.
Monthly commodity feed prices were collected from the World Bank (2016) and the USDA (2016). The general structure of the model for a single month is shown in Tables 1 and 2 . Each table is divided into two parts. The upper part of the table includes multi-period price data for the objective function, namely, the monthly feed commodity prices. The monthly feed commodity prices are saved in external text format file and linked to the LP model in the R console with the apply function to repeat optimization for each individual monthly set of prices, subject to the model parameters. The lower part of the table consists of information relevant to the feed composition and the model right-hand side constraints and boundaries.
Three main factors were considered for the diet optimization simulation: the decision variables (feed composition), the objective function (feed prices), and the model constraints (feed requirements). The nutritional requirements for broiler chicken and the feed composition were taken from the NRC (1994) and Leeson and Summers (2005) .
The non-zero and non-negative constraints were considered in both equality and non-equality forms. The minimization of the objective function in each period is subject to a set of constraints. These are the feed requirement variables which are composed of the weight of total formulated diet in kilogram or percentage, metabolizable energy (ME) in kilocalorie, and the dietary percentages of crude protein (CP), calcium, phosphorus, arginine, fiber, lysine, and methionine and cysteine (Meth. Cyst.). Furthermore, no upper or lower bounds were set in the model for the feed inclusion rate. Ultimately, the optimized feed results are given in percentages.
Modeled examples
Taking, as a basis, the model structure described herein, two simulation models were defined which could represent a potential long-term feed production strategy in an enterprise and in a region. To our knowledge, the capabilities of such a multi-stage LP model in long-term trade and animal feed production have not previously been evaluated for its efficacy in a particular industry. We aim to evaluate the historical monthly optimal dietary feed composition in two different broiler feeding problems. Two cases were modeled with three formulation strategies in each model which simulate the life cycle of a commercial broiler chicken. This included a starter phase of 0 to 18 days, grower phase between 19 and 30 days, and finisher stage between 31 and 41 days. The formulated diets are considered to be nutritionally satisfactory to produce chickens with a final body weight of about 2.5 kg/bird at age 41 days with ending feed conversion of 1.7 kg feed/kg gain (Leeson and Summers 2005) .
For feed producers, this is justified by the short life cycle of broiler production on farm. However, for trading companies which provide commodities to feed producers, 
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Constraints: S denotes the starter diet, G for the grower diet, and F for the finisher diet. Arginin, lysine, and Meth. Cyst. requirements were calculated as proportion of crude protein according to Pesti and Miller (1993) OB objective function, P1 price decision variable 1, W weight, ME metabolizable energy, P phosphorus, Meth. Cyst. methionine and cysteine, DV decision variable, DV1 corn, DV2 SBM, DV3 DDGS, DV4 limestone, DV5 dicalcium phosphate, DV6 DL-methionine, DV7 L-lysine, DV8 soybean oil Constraints: S denotes the starter diet, G for the grower diet, and F for the finisher diet. Arginin, lysine, and Meth. Cyst. requirements were calculated as proportion of crude protein according to Pesti and Miller (1993) OB objective function, P1 price decision variable 1, W weight, ME metabolizable energy, P phosphorus, Meth. Cyst. methionine and cysteine, DV decision variable, DV1 wheat grain, DV2 corn grain, DV3 SBM, DV4 RSM, DV5 soybean oil, DV6 DL-methionine, DV7 L-lysine, DV8 limestone, DV9 dicalcium phosphate assuming the availability of resources and the activities undertaken (i.e., purchasing and selling commodities from producing to importing countries) using the static approach may not be efficient, given that feed prices change daily. Therefore, the least cost formulation procedure needs to consider the time dimension and the potential for change in the preference of one input over another. Feed commodities of corn, DDGS, and soybean meal (SBM) were used in the "CSD" model. Monthly market feed prices were available between 2009 and 2016. Furthermore, feed additives of methionine and cysteine (Meth. Cyst.), lysine, dicalcium phosphate (DCP), limestone, and soy oil were included in the modeled diets to mimic feed formulation and production processes. The "CWSR" model was designed with feed commodities of corn, wheat, rapeseed meal (RSM), and SBM in the diet simulation, in addition to the feed additives as described in the CSD model. Monthly market feed prices were available between 2004 and 2016.These commodities are globally available and extensively used and are satisfactory to formulate nutritional broiler diets. The reasons for suggesting these two particular models are that (i) DDGS is a commonly used byproduct in US broiler feed production (Hoffmann et al. 2011 ) and used to substitute for corn and SBM, and (ii) corn and wheat are used in EU broiler feed production as energy sources, and SBM and RSM are used as protein sources (de Visser et al. 2014) . In each of these cases, it is not clear at which price and inclusion rate one commodity would be substituted for the other.
Results and discussions
The multi-stage LP model was implemented in R software version 0.99.892.0. The solution time varied depending on the instance being solved but was within the range of 0.5 and 1 second. The solutions of the LP model for each of the solved problems are given by the optimal inclusion rate in percentage that minimizes the total formulated feed cost.
CSD model
Figures 2 and 3 provide a graphical representation of the simulated inclusion rates of DDGS, corn, and SBM in different broiler life cycle diets. The simulated feed formulation shows a reciprocal relation between DDGS and both corn and SBM dietary inclusion rates. The simulated inclusion rate of feeds was stable between late 2008 and 2011, except for one period in which SBM and corn replaced DDGS. The figure further illustrates that from late 2011 onward, the optimal solution would require an increased incidence of substitution between inputs.
Maximum corn inclusion rates were 58, 65, and 70% for the starter, grower, and finisher diets, respectively. In the starter diet, the DDGS inclusion rate varied between 4.3 and 5.5%. The inclusion rate of DDGS was higher in the grower diet and varied between 1.2 and 6.8% (Table 3 ). The highest DDGS inclusion rate was observed in the finisher diet at 8%. DDGS was a substitute for both corn and SBM at different rates. This result is due to the high protein and energy content of DDGS. However, the maximum inclusion rate indicates that crude fiber in this byproduct is a limiting factor for further inclusion, regardless of its price. The increase in DDGS inclusion rate-from starter to grower and finisher diets-is driven by the changes in energy, protein, and lysine requirements in the formulated diets. This result corresponds with those of the study by Loar (2012) and Walugembe et al. (2014) who formulated 8% dietary DDGS in broiler diets, in which their diets substituted both corn and SBM. Since DDGS quality varies greatly in the literature, the simulated DDGS inclusion rate suggested in our study may differ depending on the composition of the byproduct and the fiber constraints employed here. Furthermore, the results obtained herein may be different if additional feed sources had been used in the model. Therefore, the DDGS inclusion rates suggested by the current study are particular to the model parameters used here within.
The magnitude with which DDGS replaces corn is significantly higher than it is for replacing SBM, indicating its importance as an energy feed source. For instance, in the starter diet, an increase in DDGS inclusion from 4.3 to 5.5% replaced 1.1% corn and The inclusion rate of DDGS in both grower and finisher diets was more evident. In the simulated grower diets, the increase in DDGS inclusion rate between months at 5.6% was used to substitute 5.4% corn and 1% SBM. However, soy oil was increased by 0.8%, and lysine inclusion was increased at 0.002%. Similarly, in the simulated finisher diet, an increase in DDGS inclusion rate of 8% combined with 1.1% soy oil and 0.0025% lysine was used to substitute 7.5% corn and 1.4% SBM. Loar et al. (2012) suggested an upper inclusion limit of DDGS in finisher diets of 14%. The difference found in the current study could be due to the differences in feeds included in the diets, as well as the constraint of fiber set at 3% in the current study. However, a DDGS inclusion rate of about 14% was possible in our model when the total fiber limit was set at 4%. Therefore, 1% of DDGS combined with 0.00032% lysine and 0.14% soy oil in broiler diets could replace 0.95% corn and 0.2% SBM. This means that, when using DDGS in the diet formulation, it should be considered that additional oil and lysine sources are required. This analysis demonstrates the viability of the proposed method to evaluate feed resources, particularly feed byproducts which are used to substitute typical feeds such as corn, wheat, and SBM. Figure 4 shows the ranked percentage price spread expressed as the ratio between SBM and DDGS (i.e., DDGS/SBM), between DDGS and corn (i.e., DDGS/corn), and the corresponding DDGS inclusion rate. Ranked as such, this method is important to find the price spread which corresponds to the switch between feeds in the historical diet simulation. In the simulated starter and grower diets, DDGS substituted for corn and SBM at any SBM and corn price spread, but with a greater amount and frequency in the starter diet. However, in the simulated finisher diet, DDGS had a higher substitution rate in terms of quantity, but at a lower frequency of substitution over the study period compared to the starter and grower diets. Figure 4 clearly illustrates three distinct levels of price spread. A price spread of less than 76% (i.e., DDGS = 76% of corn price), in which DDGS inclusion was at its maximum level, ; a price spread ranging between 76% and 94%, where DDGS was included in frequent periods depending on the broiler diet type; and a price spread greater than 94%. At a price spread greater than 94%, DDGS remained in the diet at the lowest inclusion rate, as in the case of starter and grower diets, or it was not included at all as in the case of the finisher diet. The DDGS corn price spread seems to be highly correlated with the composition of the diet and animal requirements (i.e., nutritional requirement constraints of the LP model). This information is, therefore, important when conducting trades based on feed price spreads and when planning long-term dietary formulation. Clustering life cycles of animals, on one hand, and formulating diet per cluster, on the other hand, provides further information about the commodity price spread and successful optimization of trades.
Similarly, and because DDGS substitutes for both corn and SBM, it is important to examine the DDGS and SBM price spread. In the simulated starter and grower diets, DDGS remains a substitute for SBM in all formulated diets. At a price spread of less than 41%, DDGS was included at the maximum inclusion rate. At a price spread greater than or equal to 41%, DDGS remains in the diet at variable inclusion rates. Derived as such, the price spread determined in the current study provides valuable information that may be employed, along with fundamentally calculated price spreads, by feed trading companies.
Variations in the objective coefficients of the multi-stage LP model are presented in Additional file 1: Annex 6. The results show the upper and lower prices of the objective functions of corn, DDGS, and SBM in the CSD model. Due to the large data of extracted objective coefficients, we present one example from each model. The idea of presenting these results is to elaborate on which commodity price levels the formulated diets will remain stable (i.e., stability of the dietary composition results), represented by the area between curves. In other words, these prices represent the range of objective function price for a given feed input, at any given time period, for which the optimal mix of feed inputs would not change. The larger the range of prices, the less sensitive the model solution is to change in particular input. In the starter diet, the objective function prices for corn varied between a minimum limit of 59 and a maximum of 324 USD, and between − 937 and 280 USD for DDGS. The structure of the formulated diets is more sensitive to DDGS price as compared to SBM and corn prices. Figure 5 provides a graphical representation of the historical simulation for corn and wheat inclusion rates in starter, grower, and finisher broiler diets in the CWSR model. In the starter diet, the maximum inclusion rate of wheat was 51%, versus 60% for corn. The inclusion rate of both corn and wheat increased, with a maximum for corn of 62% and 65% in the grower diet, and 66 and 70% in the finisher diets (Table 4 ). The minimum inclusion rate of corn versus wheat in the starter and grower diets indicates that corn could not be completely replaced by wheat. This could be due to the fiber and energy composition differences in both feeds, since wheat contains 36% more fiber and 7% less ME compared to corn. Therefore, formulating starter diets solely based on wheat did not provide the theoretical nutrient requirement considered in the current study. The inclusion rate of SBM (Fig. 6 ) varied between 31 and 35% in the starter diet, 26 and 30% in the grower diet, and between 22 and 25% in the finisher diet. RSM substituted SBM partially in all dietary types. The proportion of RSM inclusion increased progressively in the starter, grower, and finisher diets from 4 to 5% and 6%, respectively. The simulated SBM inclusion rates over time varied depending on the corn and wheat inclusion rates. For instance, at 50% wheat inclusion in the starter diet, SBM inclusion was 33% and 0% for RSM. However, at 59% corn inclusion rate, SBM was included at 32% and RSM at 4%. The analysis shows that in the corn-based diet, 1% of RSM could replace 0.7% SBM and 0.4% corn, in addition to reducing soy oil by 0.14% and Meth. Cyst. by 0.0046% (Fig. 7) .
CWSR model
RSM is an important source for Meth. Cyst.; however, its inclusion rate is limited by its high fiber content. The literature indicates the use of RSM in broiler diets at (Gopinger et al. 2014 ) who formulated RSM diets with crude fiber ranging between 4.4 and 6.7%. This is likely due to differences in the formulation of the objective and the constraints used (i.e., maximum fiber requirements) in the current study versus other studies. Furthermore, there were differences in the RSM composition and its prices used here compared with alternative studies. Concerning the fiber contents of RSM, we modeled the dietary simulation based upon a maximum 3% fiber content. When the maximum fiber content was changed to 4%, the RSM inclusion rate in the starter diet ranged between 6 and 15.6%. Therefore, the fiber limit used in diet formulation is responsible for most of the variation in RSM inclusion rates found in previous studies. Importantly, the model under consideration is flexible to adjust the nutritional characteristics of the feed to desired requirements.
The results of this study clearly indicate that in wheat-based diets (i.e., inclusion rate > 50%), the inclusion of RSM in the starter diet will not be economically viable. However, the greater the wheat content of the diet, the more the need for soy oil as an additional energy source (also indicated by the correlation matrix in Additional file 1: Annex 3, of 0.95 between dietary wheat and soy oil). For instance, in the starter diet, and at 50% wheat inclusion rate, soy oil was included at 4.3%. Meanwhile, at a 60% corn inclusion rate, soy oil was only 2.2% of the feed ration. Figure 7 provides an example of simulated starter broiler diets in four consecutive months in 2009 as a response to an increasing price spread between corn and wheat and its impact on the RSM inclusion rate. Unlike the grains substitution relationship, meal substitution rates showed different patterns and appear to exhibit weak correlations with the price spread of meal inputs. Additional file 1: Annexes 1 and 2 show the ranked price spread between corn and wheat (i.e., wheat price/corn price) and between SBM and RSM. It further shows the inclusion rate corresponding to the ranked price spread. In the simulated starter and grower diets, at a price spread of less than 79%, diets were based on wheat with minimal corn inclusion. At price spreads greater than or equal to 92%, corn remained in the diet at the maximum inclusion rate and substituted for wheat completely. With a price spread between 79 and 92%, the substitution between corn and wheat was disconnected; however, corn appeared more frequently in the starter diet than in the other diets. The disconnection between corn and wheat at this stage was also influenced by the price of other feed additives. Similar results were obtained from the simulated finisher diet; however, at a price spread of 86%, corn remained in the diet at the maximum inclusion rate and replaced wheat completely. The first position for dietary switch from wheat to corn occurred when the wheat price was 80% of the corn price. At this price spread, the results show two levels of substitution rate-one in the starter diet where corn substituted 70% of wheat and the second in the grower and finisher diets where corn substituted 100% of wheat. Nevertheless, the price spread borders found in our study could diverge slightly depending on the physical objective function prices used.
Three levels of SBM and RSM (RSM/SBM) price spread can be identified. First, in the starter and the grower diets, with a price spread lower than 48%, RSM remained in the formulated diets. Second is the price spread of greater than 70% in which inclusion of RSM becomes least important and appears very rarely in the formulated diets (i.e., only one time). Third, there exists a price spread of boundaries between 48 and 70%, in which RSM appeared frequently in the formulated diets. The price spread differed slightly in the finisher formulated diets. With a price spread of less than 53%, RSM remained in all formulated diets. At a price spread range between 53 and 69%, RSM appeared frequently in the diets. At a price spread greater than 69%, the inclusion of RSM in the diet became less advantageous, and it appeared only one time in the formulated diets.
The upper and lower objective coefficients for feeds used in the CWSR model are shown in Additional file 1: Annex 7. The figure shows clearly that the upper price for wheat is unbounded in most of the studied periods compared to a narrow price range for corn. The composition of the simulated diets is most sensitive to corn price, but that the optimal mix of feeds is ultimately not very stable and highly dependent upon the relative price of feed inputs at any given time.
Additional file 1: Annexes 4 and 5 provide the correlation matrix between the simulated dietary feed components in the grower and finisher diets of the CWSR model. This chart is presented to show the importance of the multi-stage LP modeling process in developing the relationship between dietary components in dietary simulation analyses. The figure clearly indicates that wheat inclusion is correlated with soy oil inclusion rates (corr. = 0.95 and R 2 = 0.90). On the other hand, there is a negative correlation between the inclusion of corn and that of soy oil (corr. = − 0.96 and R 2 = 0.92). A similar correlation trend was found between these feeds in the grower and finisher diets. This is attributed to the low energy content in wheat versus corn grains, and therefore, additional dietary energy sources were provided by soy oil. Furthermore, the inclusion of wheat was negatively correlated with the inclusion of corn (− 1.00), which is expected since in most cases the formulated diets where composed of one of these energy feeds. Furthermore, wheat inclusion Cyst. is needed to meet the requirements when RSM is not used in the formulation. A similar conclusion can be drawn when testing the correlation between SBM and methionine. However, the negative correlation between RSM and Meth. Cyst. indicates that this byproduct is an interesting source to reduce expensive synthetic amino acids in diets. Simulated compound feed prices are presented in Additional file 1: Annex 8. These prices will differ by location as they do not represent the farm gate feed price due to the omission of transportation and retailer costs, which are regionally dependent. Compared to a static and standard ration (corn and SBM based diet), using a multistage LP model, it is possible to generate a feed ration which, when looking at the year 2014, could give an average cost reduction of 8.8 USD per ton of starter feed, 4.6 USD per ton of grower feed, and 1.3 USD per ton of finisher feed (CSD model). This results in an average price reduction of 5.9 USD per ton of formulated feed. If we apply this price reduction for the year 2014, it results in a total cost reduction of 1.74 billion USD for starter, grower, and finisher feed combined, meaning that the broiler sector would have gained over 1.74 billion USD in 2014 benifiting from a monthly feed formulation and from inclusion of byproducts. Assuming a similar price reduction in layer chicken feed production, the magnitude of global poultry industry gain will increase up to 2.57 billion USD. The gain could be more than double if other livestock species are included in the analysis, given that the byproducts inclusion rate is of greater importance for ruminants. Using local byproducts may result in lower production costs and reduced greenhouse gas emissions, mainly associated with reduced transportation distances for feed inputs (Hristov et al. 2013) . In a broader sense, optimization of a life cycle animal diet, in a multi-stage approach, would most likely affect other parts of the supply chain. This could include commodity transportation between producing and importing countries, since feed demand would vary widely. Table 5 provides information about the optimization errors of ME, protein, and lysine. The model evaluation is based on the calculated root mean squared error (RMSE), given in absolute value and percentage of ration. In relation to the multiple formulation data obtained from successfully solved LPs, the error level caused by the proposed model was calculated. The major optimization errors are caused by the deviation of crude protein results from the nutritional requirement constraints. It is observed that the error level increases with reducing CP requirements from the starter to finisher diets, with RMSE ranging between 0.1 and 0.89 in the CSD model versus lower error level observed in the CWSR model which ranged between 0.1 and 0.70. This could be partially explained by the higher number of feed ingredients used in the CWSR model (i.e., two energy sources and two protein sources). With more feed items included in the formulation, the complementary nature of nutrients in different ingredients promotes the reduction of nutrient variation as reported by Zhang and Roush (2002) . However, in our study, the CP and lysine standard deviations were lower than, or similar to, those found in their study with a single cost minimization objective. Furthermore, minimizing CP and amino acid nutrients requires a multiple objective optimization, which is not the objective of the current study. Most likely, additional feeds need to be included in the formulation to minimize errors; however, this depends on the availability of historical feed and byproduct prices.
Model evaluation
Conclusions
Time series diet formulation can provide insights for both feed commodity traders and feed producers to formulate cheaper diets, which would still meet the nutrient requirements for animals. Additionally, time series diet formulations provide the option to periodically include inexpensive agro-industrial byproducts, which are often sourced locally. Furthermore, when future commodity prices are known, the application of the model can be of particular importance for medium-and long-term feed producers' resources planning and estimation of the future sustainable dietary composition. It is important, however, to also consider the diversity of feed resources that are available in a region and to consider the variation between feed prices in order to extract representative results. In particular cases, since not all companies own least cost formulation analysis tools, the model outputs obtained from our analysis could be further utilized to extrapolate major feed inclusion rates (however, not the feed additives) based on market feed prices without referring to LP models (i.e., modeling price impact on DDGS dietary inclusion rate).
This study addressed the nutritional and economic benefits of using a multi-stage LP optimization model in broiler feed formulation. The model provides information to feed producers and traders to determine potential switch points between commodities based on the price spread level. There are two primary limitations of the approach presented in this paper. First, the constraints are linear, thereby forcing corner solutions and discrete jumps between feed inputs. This may, however, be a realistic interpretation of the behavior of firms when considering contracting and transportation costs. Second, this model only examines the cost of inputs in feed mix and dietary requirements, while profit-maximizing behavior likely includes additional objectives and constraints. However, by examining the dietary feed commodity switch between months, we demonstrate variations in feeding strategies and opportunities to minimize feed cost-of primary significance in the livestock production profit function-over a given time period. Our model is built on an open source environment and can be broadly implemented by decision-makers to explore and test further modeling scenarios which suit the production objectives. Furthermore, if feed price forecasts are available, the model can also be automated to predict the least cost dietary dynamics and price spread. 
